I. INTRODUCTION
The verification of plutonium in spent-fuel reprocessing has focused on the main process streams because they contain a relatively large amount of plutonium and require more timely and sensitive verification procedures. However, the minor streams such as leached hulls and vitrified high-level wastes are now becoming important because they are increasing as the scale of reprocessing is becoming large. Also, it is desirable to remove the waste products from safeguards oversight after the plutonium has been measured.
Nevertheless, the measurement of plutonium in reprocessing wastes is difficult because the wastes are accompanied by a lot of fission products with extremely strong gamma radiation.
The measurement of plutonium in spent fuel is also important not only for safeguards but also for safely controlling their storage, transportation, and reprocessing. Burnup monitoring techniques have been developed to measure burnup and estimate amounts of plutonium. Most of these techniques are indirect methods and require other information about the fuel, such as initial enrichment, to calculate the amount of plutonium.
We have studied the assay methods that measure plutonium in leached hulls, high-level liquid wastes, vitrified wastes, and spent fuel by using passive neutrons emitted from the plutonium. Because neutrons penetrate well, they can be measured through thick shielding. In most cases after a sufficient cooling period for the decay of 242 Cm, 244 Cm is the dominant neutron source. Therefore, the curium information must be separated from the information 1 about plutonium. We studied a new method using neutron multiplicity to separate plutonium and curium. 1 We also evaluated another method using the plutonium to curium (Pu/Cm) ratio. The needs for further study are proposed.
II. NEUTRON SOURCES IN SPENT FUEL AND REPROCESSING WASTES
Neutron sources in several kinds of spent fuel were calculated by using the nuclear composition calculation code ORIGEN2. 2 Table I lists the calculated ratios of neutron yield from each neutron source after a 5-year cooling period. Curium-242 has decayed to a negligible level at this time. The spontaneous fissions of 244 Cm are the dominant neutron sources except for the low-burnup radial blanket of liquid-metal fast breeder reactors (LMFBRs). Blankets are depleted uranium. f This value is the burnup of CORE. The burnup of AX.BLKT is 5 GWd/t. A core fuel assembly consists of CORE (60%) and AX.BLKT (40%).
The neutron sources in spent fuel will be distributed into different streams during reprocessing. Most of 244 Cm will go into high-level liquid wastes and will be vitrified. A small amount of 244 Cm will go to solid wastes such as leached hulls. Most of the plutonium will become product material and only a little will go to solid wastes such as leached hulls or liquid wastes. Therefore the ratio of neutron sources is different at most of the process points. However, it is still likely that the ratio of Pu/Cm in spent fuel is the same in leached hulls because plutonium and curium behave similarly during dissolution at reprocessing.
III. CURIUM-PLUTONIUM NEUTRON SEPARATION
Two methods are proposed to assay plutonium by using neutrons from a mixture of curium and plutonium. One uses the neutron multiplicity distribution, the other uses the Pu/Cm ratio determined by destructive or nondestructive analysis.
A. Multiplicity Method

Moments Concept
A spontaneous fission nuclide has its own neutron multiplicity distribution. Figure 1 illustrates this distribution for 240 Pu, 244 Cm, and 252 Cf. These distributions have their own moments. The singles, doubles, and triples count rates, or S, D, and T, measured by a multiplicity counter, can be expressed with the moments. 3 If the neutron multiplication of the source can be regarded as unity, and if the ( ,n) neutron source is negligible, then 
( ) This error does not include the errors of the calibration coefficients.
The concept of effective 240 Pu mass is defined the same as for the conventional neutron assay of plutonium. Because D and T are not affected by ( ,n) neutrons, the combination of D and T can be used even if the sample has unknown ( ,n) neutrons.
Discrimination Ratio
The discrimination ratio is an index of the performance of the separation method that is defined in Ref. 4 . A larger discrimination ratio gives a better separation performance. The discrimination ratio of m Pu and m Cm with the measurements of S and D can be expressed as
Plutonium to Curium Ratio Method
Concept
The multiplicity method of separating plutonium from curium results in large errors for the minor constituent if one of the two mixed nuclides dominates the neutron yields. Actually, 244 Cm is the dominant neutron source in most spent fuels except for blanket assemblies of fast breeder reactor (FBR) or low-burnup research reactor fuels.
For these cases of typical burnup, we prefer to get the Pu/Cm ratio from a supplemental measurement. The method uses the ratio of Pu/Cm together with the measured D or S. The ratio can be determined by destructive analysis (DA) or nondestructive analysis (NDA) of small samples taken from the actual wastes or the feed materials. The neutron count rates are dominated by 244 Cm. The plutonium amount in the actual wastes can be obtained by multiplying the D or S of actual wastes by the Pu/Cm ratio.
We prefer to use D to avoid the effect of ( ,n) neutrons. However, S may be more practical than D when the neutron detection efficiency is low and when it is confirmed that the ( ,n) neutron ratio of the sample used to determine the Pu/Cm ratio is the same as that of actual wastes.
Measurement of the Plutonium to Curium Ratio in Dissolver Solutions
The Pu/Cm ratio of spent fuel can be determined by DA or NDA of dissolver solutions and should represent the ratio in leached hulls. DA will consist of chemical separation and mass analysis or radiation analysis. It will be accurate but would cost more than NDA. DA should be used to verify the results of NDA that would be done more frequently.
The hybrid k-edge densitometer/x-ray fluorescence (KED/XRF) instrument is available to measure the plutonium concentration of dissolver solutions. 5 A Kernforschungszentrum Karlsruhe-designed hybrid KED/XRF instrument 6 has been working at La Hague, France, for several years. LANL designed and fabricated a hybrid system 7 that was installed at the Tokai facility operated by the Japanese Atomic Energy Research Institute in Japan. Power Reactor and Nuclear Fuel Development Corporation, Japan, is also developing a hybrid system. 8 Measuring neutrons from the sample of dissolver solution is not difficult. The inventory sample counter (INVS), 9 developed at LANL, can measure neutrons from the dissolver solution. The INVS can be located underneath a sample-handling glove box. The sample is set into a sample well in the bottom of the glove box. The neutron detector is located around the outside of the sample well. To achieve a high neutron detection efficiency, eighteen 3 He tubes surround the sample well in two concentric rings. The detection efficiency of the INVS is about 43%. The measurement is done with the shift register coincidence counter.
The INVS must be modified to measure dissolver solutions. Lead shielding is necessary between the sample well and the 3 He tubes to reduce the gamma-ray dose to less than ~10 R/h. The maximum gamma-ray dose that a 3 He tube with a CO 2 mixture can tolerate is approximately 10 R/h. Designs are being evaluated to increase the limit to ~50 R/h. With these two NDA systems, the ratio of the plutonium mass to the 244 Cm can be obtained.
Plutonium to Curium Ratio in Wastes
Before applying the Pu/Cm ratio method to the measurement of wastes, it is necessary to establish the Pu/Cm in the waste stream of interest.
The leached hulls may have the same ratio as the dissolver solution, because the chemical behavior of curium and plutonium during irradiation and dissolution are similar. However, the ratio of ( ,n) neutrons to spontaneous fission neutrons may be different for dissolver solutions and leached hulls. For normal oxide fuel, the ( ,n) contribution is only a small fraction (1 to 3%) of the spontaneous fission neutron yield (see Table I ) so possible changes in the ( ,n) yield should be unimportant. Therefore, some destructive analysis will be needed to confirm the constancy of the ratio. Any neutron multiplication in the leached hulls or the ~3-m grab sample from the dissolver solution is negligible.
It is clear that the Pu/Cm ratio of the liquid effluent from extraction cycles and vitrified wastes is not the same as that of the dissolver solution. In these cases the ratio must be measured for each waste stream. Because the ratio for these wastes is much smaller than that of the dissolver solution, the hybrid KED/XRF might not be applicable. DA or some other NDA will be required. The accuracy required for the plutonium in the vitrified waste is low so the error for the Pu/Cm ratio can be large and still satisfy the safeguards requirements.
Anticipated Errors
We assumed that 45 GWd/t UOX spent fuel from an LWR approximated the measurement error of the Pu/Cm ratio method for measuring leached hulls.
The plutonium concentration of a sample of dissolver solution from the spent fuel will be about 2 g/ . It can be measured with about 1% error with the hybrid KED/XRF. 5 The sample volume is assumed to be 3 m . The volume can be determined with less than 1% error. The sample contains neutron sources that emit about 350 neutrons per second. If the same sample can be measured by the INVS, the S will be about 120 counts per second and D will be about 20 counts per second. The counting statistical error of the D will be about 1% after 1000 s of measurement. 5 Finally, the Pu/Cm ratio can be measured with, at most, 2% error. This value is small enough that we can apply the ratio method for verification of plutonium in the reprocessing wastes.
However, the overall measurement error depends on the error in measuring neutrons from the actual leached hulls as well as from the grab sample. The measurement error for the actual leached hulls should depend on the conditions of each particular case. The usefulness of this method must be evaluated for the particular applications by studying the actual neutron measurement system.
IV. EXPERIMENTAL
The feasibility of the method for separating curium and plutonium by neutron multiplicity counting was studied experimentally. Two combinations of sources were measured. One was 240 Pu and 252 Cf; the other was 244 Cm and 252 Cf.
The combination of 244 Cm and 240 Pu was not measured because the source of 244 Cm was strong and a comparative plutonium source would have been more than 1 000 g of plutonium. This amount of plutonium will give a high multiplication and many ( ,n) neutrons. With this condition, the equations described in the previous section are not valid. Therefore, we studied this combination and used the results of the other two combinations to extrapolate to the 240 Pu and 244 Cm mixture.
A. Equipment
The detector used in this experiment was the dual-mode multiplicity counter, which was built in 1985 and still is used for research and development. This counter consists of 130 helium-3 tubes arranged in five concentric rings in an aluminum/polyethylene body. The sample cavity is 16.5 cm in diameter and 25.4 cm high. The overall diameter is about 80 cm and the counter is 85 cm high with its wheels.
The detection efficiency was about 53% and the die-away time was about 57 µs. 10 The values of these parameters were measured with a 252 Cf source for this experiment.
The data were collected by the MULTI software 11 and a Los Alamos MSR-4 multiplicity shift register coincidence counter. 12 The count losses from dead time were corrected with the analytic procedure developed by Dytlewski. 13 At higher count rates (>250 kHz), the procedure does not provide enough correction, so additional correction factors are applied to the doubles and triples rates. 12 The 244 Cm source used in this experiment gave a high count rate (ca. 200 kHz), so we reviewed the dead-time correction parameters and used a new set of correction parameters for the measurements of the combination of 244 Cm and 252 Cf. These parameters were based on the measurement of known rates from combinations of 252 Cf and americium-lithium.
The detector parameters used in this experiment are listed in Table II .
B. Sources
All the sources used in these experiments were sealed in small stainless steel capsules. 
Curium
Two 244 Cm-oxide sources were available; however, only the smaller source was used to make combinations with californium sources in this experiment because the larger source was too large. The specifications of the sources are shown in Table IV . The reference mass of 244 Cm was determined with the measured S, the detector efficiency, and the known specific neutron yield. 5
The neutrons from 240 Pu are negligible because the specific neutron emission rate is very small compared with 244 Cm [SFn/s-g means spontaneous fissions/(s • g) and (α,n)n/s-g means (α,n) neutrons/(s • g)].
240 Pu 1.02 x 10 3 SFn/s-g + 1.41 x 10 2 ( ,n)n/s-g and 244 Cm
1.08 x 10 7 SFn/s-g + 7.73 x 10 4 ( ,n)n/s-g . 244 Cm S used in this study was 32.9 mg.
Californium
The Los Alamos reference californium sources CR1 through CR11 were used. The reference mass of 252 Cf was calculated from the absolute mass of CR5. For the other sources, the ratio of the measured doubles to the measured doubles of CR5 was used to get the reference mass. The absolute mass of CR5 was 0.0151 µg (as of 1/1/87), and the decay constant was 0.2623 y -1 . 14 The reference mass values used in this study at the date of the experiment are listed in Table V .
C. Measurement Procedure Calibration
Each source was measured separately to get its calibration coefficients counts/(s • mg).
The sources were set at the center of the sample cavity of the multiplicity counter. The 252 Cf sources were attached to an aluminum rod so they could be set precisely at the center of the cavity. The other sources were set on an empty can adjusted so that they were in the center of the cavity.
The measurement time was one hour divided into 120 intervals of 30 s to allow a statistical quality control test on the data and to eliminate infrequent cosmic-ray events with high multiplicity.
The measured multiplicity distributions were converted by correcting for dead time and subtracting background to obtain S, D, and T, automatically with MULTI software. These measured count rates and the reference mass values were used to obtain the calibration coefficients.
Combination Sources
Two sources were set in the sample cavity of the multiplicity counter and measured simultaneously. The 252 Cf source was attached to the rod and the other was set on an empty can. The measurement time was normally 1 h. Twenty-four-hour measurements were done for the second run of the 244 Cm and 252 Cf combination. This second run was done to get better counting statistics and to study why some of the assay results from the first run were far from the reference mass.
The measured count rates (S, D, and T) and the calibration coefficients were used to calculate the mass value of each source. The counting statistical errors and the calibration coefficients were used to calculate the errors of obtained mass values.
V. RESULTS
The results of the experiments with the two combinations and the calculations for the 244 Cm/ 240 Pu combination are described below.
A. 240 Pu and 252 Cf Combination Calibration Coefficients
The measured and calculated calibration coefficients (a, b, and c) are listed in Table VI . 11 The calculation was done by Eq. (1) with the known moments 5 and with an assumption of nonmultiplication and negligible ( ,n) neutrons. Actually, the 240 Pu source had M = 0.007 and an ( ,n) ratio of 0.15. This is the reason some measured data do not agree with the calculated values. The measured a of 240 Pu is larger than the calculated value because the ( ,n) source is not zero. The measured c of 240 Pu is larger than the calculated value because M is not 1.
Discrimination Ratios
The discrimination ratios of the combination of 240 Pu and 252 Cf are listed in Table VII .
The measured discrimination ratio of S-D is larger than the calculated one because the calculated discrimination ratio does not include ( ,n) neutrons, as mentioned above.
Assay
The measured count rates of the plutonium and californium sources are listed in Table VIII . The assay results are shown in Table IX . Generally, the assay results agree with the reference values very well. In the case of FZC-158 + CR8, the assay result of effective 240 Pu mass with D and T measurements was more than three times larger than the reference value. However, the error of the assay was also large enough to cover the reference value. In this particular case, the plutonium source emitted less than 1% of the neutrons and the californium source emitted over 99%. Thus the error for the dominant californium source is small. Figure 2 shows the assay errors as a function of S-Ratio. The S-Ratio is the ratio of the S (singles neutron rate) from plutonium to the total S. The discrimination ratios rates 
should be S-T > S-D > D-T. Actually, the order is S-D > S-T > D-T because the statistical error for T is much larger than for S and D.
Ratio Analysis
B. 244 Cm and 252 Cf Combination
Moments of 244 Cm
The moments of the multiplicity distribution of 244 Cm were obtained from the measured S, D, and T of a 244 Cm source. The moments were calculated with Eq. (1) and the detector parameters listed in Table II . Because the absolute quantity of our 244 Cm source was not accurately known, the second and the third moments were calculated based on the known mean multiplicity from reference data. 5 The measured moments are listed in Table X .
Calibration Coefficients
The measured and calculated calibration coefficients a, b, and c are listed in Table XI .
The calculated calibration coefficients of 252 Cf are different from those in Table VI because the detector parameters used for the calculations are not the same. The detector parameters are listed in Table II. In this combination, the measured and calculated values agree well because ( ,n) neutrons are completely negligible for this combination. 
Discrimination Ratios
The discrimination ratios of the combination of 244 Cm and 252 Cf are listed in Fig. 1 ).
Assay
The measured count rates of the curium and californium sources are listed in Table XIII . The assay results are shown in Table XIV . Generally, the assay results agree well with the reference values. These results suggest this method is practical to use if the neutron emission rate from 244 Cm is similar to that from In the case of 244 Cm + CR11, the assay result of 244 Cm with the D and T measurements was only 66% of the reference value. The error of this assay was about 6% (1 ) and did not cover the difference between the assay and the reference value.
We think the discrepancy is caused by insufficient dead-time correction for this high-counting-rate combination. The total neutron count rate of this combination is about 900 kHz. The dead-time correction is difficult at this high count rate, and the assay is very sensitive to the T for this condition. Only a 1% change in T causes a 20% change in the assayed mass.
Nevertheless, these high count rates are out of our range of interest for hulls and wastes. The neutron emission rate from 0.2 ton of spent fuel [~1 boiling-water reactor (BWR) fuel assembly] with 45 GWd/tU is about 1x10 8 n/s. For the measurement of leached hulls, we expect at most, 10 kHz count rates. If the leached hulls represented 0.2 ton of spent fuel, the residual neutron source would be 0.1% of the input spent fuel, and the neutron detection efficiency would be 10%. 
C. 240 Pu and 244 Cm Combination
To study the separability of this combination with the neutron multiplicity method, we calculated the assay errors with the measured calibration coefficients and the assumed measurement errors of S, D, and T .
Calculation Procedure and Conditions
We used Eq. (4) and similar equations to calculate the assay errors. The measured calibration coefficients are listed in Tables VI and XI. The measurement errors of S, D, and T were assumed to be 0.01%, 0.06%, and 0.4%, respectively. These values are counting statistical errors of a 252 Cf source measured by the dual-mode multiplicity counter.
Discrimination Ratios
The discrimination ratios of all combinations are summarized in Table XV . These are obtained from the measured calibration coefficients. The 240 Pu and 244 Cm combination has the smallest discrimination ratios for the three combinations. Figure 6 shows the calculated assay errors as a function of S-Ratio. It is clearly shown that the assay error for the minor component increases sharply when one of the two nuclides dominates the total neutron emission rate. The errors of the assay The calculated assay errors for leached hulls from different kinds of reactors are listed in Table XVI . The ratio of neutron sources in leached hulls is assumed to be the same as in the spent fuel. To eliminate the effect of ( ,n) neutrons, we assumed that D and T were used. The values in Table I were used to obtain the ratios of spontaneous fission neutrons from plutonium and curium. The multiplicities of Pu is dominant in the case of the radial blanket of a LMFBR, the assay error is small. However, this is a particular case that does not require the separation of curium and plutonium because the curium is negligible. Concerning the low burnup (20 GWd/t) UOX spent fuel of LWR and CORE+AX.BLKT spent fuel of LMFBR, the calculated assay error was smaller than 100%. As for the high-burnup LWR fuels, the calculated assay errors were more than 500%. For these cases, the Pu/Cm ratio should be determined by the supplemental measurement method and only the 244 Cm would be measured in the leached hulls.
Assay Errors
VI. CONCLUSIONS
We examined the technique of separating plutonium and curium with neutron multiplicity counting through experiments and calculations. The feasibility of this technique was confirmed by the experiments. However, it is not practical to apply this method to measuring leached hulls from high-burnup LWR fuels because the assay error would be more than 500%. As for low-burnup LWR fuels or FBR fuels, the assay error would be smaller than 100%. The assay errors should be considered in evaluating the use of this method. It might be more economical to install a measurement system that performs similar to the dual-mode multiplicity counter.
Generally, a high neutron detection efficiency is required to measure a higher multiplicity, such as T. A careful study of geometry and many neutron detection tubes will be required to obtain a suitable efficiency. This may be the critical consideration in deciding if the multiplicity method will be used.
The supplemental measurement method of determining the Pu/Cm ratio may be much more practical for most applications. The assay error of this method will depend on the performance of the system in measuring singles and coincidence neutrons from actual waste materials. An evaluation of the measurement system for each case will be required.
The Pu/Cm ratio in the dissolver solution can be determined by DA. NDA would be preferable because of economical and operational reasons. A combination of the hybrid KED/XRF instrument and the INVS is proposed to measure the Pu/Cm ratio. The hybrid KED/XRF instruments have been developed and used for practical measurements of hot dissolver solutions. The INVS could measure neutrons with some modifications for additional shielding. The equipment must be developed and tested.
The constancy of the Pu/Cm ratio for actual wastes also needs to be checked. As for the leached hulls, it is reasonable that the Pu/Cm ratio would be the same as that of the dissolver solution. However, the ratio of ( ,n) neutrons and the neutron multiplication might be different for dissolver solutions and leached hulls. Therefore, some destructive analysis will be needed to confirm that the neutron signal from the leached hulls accurately reflects the neutron signal from the dissolver solution. The Pu/Cm ratio should be much smaller than other wastes, such as vitrified wastes, for the dissolver solution. Proper systematic measurement of the waste stream will be necessary to obtain the Pu/Cm ratio for the wastes. It should be possible to apply neutron coincidence counting to the 244 Cm in the vitrified waste in bulk containers. Passive neutron counters 15 that have been designed to assay waste in 200-drums could be used for vitrified waste containers after modification with lead shielding to protect the detectors from high gamma-ray dose levels.
Because the spontaneous fission neutrons from 244 Cm will probably dominate all sources of neutrons in the vitrified wastes and most of the leached hulls, uncertainties in the ( ,n) contribution to the neutron yield will be relatively unimportant. Thus, it is possible that singles neutron counting can be used to verify the plutonium content when the Pu/Cm ratio is obtained from the supplemental measurements. The coincidence count might be used mainly to verify that the chemical process is as expected.
